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Abstract: We analyse the existence of closed timelike curves in spacetimes which possess an 
isometry. In particular we check which discrete quotients of such spaces lead to closed timelike 
curves. As a by-product of our analysis, we prove that the notion of existence or non-existence 
of closed timelike curves is a T-duality invariant notion, whenever the direction along which we 
apply such transformations is everywhere spacelike. Our formalism is straightforwardly applied to 
supersymmetric theories. We provide some new examples in the context of D-branes and generalized 
pp- waves. 
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1. Introduction and summary 

It is by now well-known that there exist solutions of general relativity which are locally causal, but 
have closed timelike curves (CTCs) on a global scale Q. This is the case both in the presence and 
absence of curvature singularities. Needless to say the existence of such curves is considered to be 
problematic and the traditional attitude has been to consider the subset of spacetimes containing 
them as non-physical. 
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Lately, spacetimes which violate the chronology condition received renewed attention by the 
string theory community after it was realized in ||2| that Godel-like universes Q can be supersym- 
metrically embedded in string theory. It was later realized and emphasized that these solutions 
were T-dual to compactified plane wave backgrounds ^ • In Q , the issue of the non-physical 
character of these spacetimes was re-examined. It was suggested that holography might provide 
new insights on this subject. A similar philosophy was advocated in [^j. On the other hand, in Q, 
there was an attempt to define field theory in a non-globally hyperbolic spacetime having CTCs 
based on standard orbifold ideas in string theory. 

As string theorists, we do not have currently any fundamental principle to select or discard 
a priori any vacuum. Thus, it is our belief that one should understand the dynamics in these 
classical spacetimes violating the chronology condition before deciding their fate. Following this 
direction, it was shown in that by probing one of these spacetimes with an adequate probe, 
a supertube [^, the metric on moduli space develops a singularity. A similar phenomenum was 
reported in the enhangon mechanism These suggested to replace the metric in the chronology 
violating region by one describing a domain wall of supertubes which is free of CTCs. Recently, it 
was reported in |11| that a similar phenomenum is happening for Godel/ AdS^, where the probes 
are now long strings. The supertube domain wall seems to provide a more natural framework to 
discuss holography, and this was the direction followed in where the connection between the 
physics in Godel-type universes and the Landau problem pointed out in ||l^ played an important 
role^ . 

In order to investigate how universal these mechanisms might be, or simply to increase our 
knowledge on the subject, it should be of interest to determine whether CTCs exist or are absent 
in arbitrary backgrounds. In this note, we will make some more precise statements regarding this 
topic. To do so, we shall deal with spacetimes which are time-orientable, and which possess some 
isometry with a definite sign norm, i.e. we shall deal with spacetimes having a Killing vector which 
is everywhere timelike, everywhere lightlike or everywhere spacelike. First, we shall look at such 
spacetimes where the Killing direction is non-compact and try to identify the conditions for CTCs 
to exist. We shall afterwards look at the possible discrete quotients of these spaces and try to 
characterize which of these have CTCs. Incidentally, we would like to stress that our organizing 
symmetry principle (a standard technique in general relativity) is also singled out by supersymmetry 
considerations. Indeed, assuming the existence of a single supersymmetry, it is known |1£] that 
there should exist causal isometrics in the metric. If there is more than one supersymmetry, one can 
also have spacelike isometrics. These simple ideas have been developed to attempt a classification 



of all supersymmetric supergravity backgrounds in different dimensions ||2|, 16, 17 1. 

A second important goal of this note is to analyse whether the existence or non-existence of 
CTCs is a notion invariant under dualities. One may think that in certain scenarios, either strong 
coupling effects or specific stringy features such as the existence of T-duality, may help in resolving 
causal puzzles. T-duality might be particularly confusing due to the fact that "metric information" 



^There have been other works in the recent hterature concerning the physics of Godel-type universes in their 
different dual incarnations. See ^ and references therein. 
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is being exchanged with "flux information" , and so it is a priori unclear how this would affect the 
existence of CTCs. We shall prove that none of these possibilities are realized in the supergravity 
regime description. The existence or non-existence of CTCs is a U-duality invariant notion, i.e. 
there are no U-duality transformations taking us from a spacetime which has CTCs into one not 
having them, under certain assumptions to be discussed in the body of the paper. Therefore, 
if there is any kind of instability in the dynamics of classical supergravity configurations having 
CTCs, it should also be manifest in their U-dual descriptions. 

In spite of the fact that symmetric backgrounds are not the most general ones we could have 
considered, (even though some of our techniques do apply to more generic backgrounds), it should 
be clear that our analysis is relevant in many physically interesting set-ups. The existence of space- 
like isometries, and in particular, compact and periodic ones is intrinsically tied to Kaluza-Klein 
reductions and compactifications in general. PP-wave backgrounds are examples of spacetimes 
having null Killing vectors. Actually pp-wave backgrounds have a covariantly null Killing vector, 
and in this sense are just special cases of the more general backgrounds with a null Killing vector 
considered in this note. It has been shown recently that for pp-waves, with flat transverse space, 
and a non-compact tt-direction there are no CTCs, yet certain compactifications of these spaces 



do create CTCs [18, 19, 20 1 and are T-dual to Godel type universes |Q, ^. Finally, all stationary 
configurations have a timelike Killing vector. Among these are both static configurations, and more 
interestingly for our purposes, rotating ones [21|. In some of these cases, there is a rotational pa- 
rameter which above a certain threshold value gives 'over-rotating' geometries which contain CTCs. 
For example, the BMPV rotating black hole which for large enough angular momentum J develops 
CTCs outside the horizon |^, |^]. In particular, it was pointed out in |jl5|, ^ that the dual CFT 
corresponding to these over-rotating geometries would be non-unitary. Similar black hole solutions 
with Godel universe asymptotics were recently discussed in [1^, 24]. Another example is the super- 
tubes which can be thought of as a Myers blow up of rotating DOs and Fls into a D2. For large 
values of the angular momentum, one obtains spacetimes with CTCs |25]. A similar phenomenum 
happens for the M-theory partners of the supertubes [^] . It is only when this system is built from 
a microscopic picture, dual to an oscillating string carrying travelling waves, that such CTCs never 
appear |^. Dual pictures as the rotating D1-D5 system and other systems as the null scissors 
also fall into the same category. 

Let us now briefly summarize the main results of our paper. For spacetimes possessing a 
timelike isometry dt, we have shown that for non-compact t, the spacetime can have CTCs and 
have written down the conditions for their existence. Godel- like universes belong to this class. 
Discrete quotients of the latter by dt or by dt + Pd^ where '0 is a periodic spacelike isometry of the 
background always create CTCs. These results are shown in section 2.1. For spacetimes with a null 
isometry d^, and a non-compact u coordinate, there cannot be CTCs. The same statement applies 
to discrete quotients generated hy d^ + ^V, V standing for an isometry of the configuration. On the 
other hand, discrete quotients generated hy du + P d^ + jV can give rise to spacetimes having CTCs 



under certain circumstances that are spelled out in section 2.2. The compactified plane- waves which 
are T-dual to Godel-like universes belong to this class. For spacetimes with a spacelike isometry dz, 
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we have shown that a discrete quotient along dz creates CTCs iff the 9-dimensional space obtained 
from the Kaluza-Klein reduction along dz also has CTCs. The spacelike case is analysed in section 



2.3. As a by-product of this analysis, we prove in section 2.4 that the existence or non-existence of 
CTCs is a T-duality invariant notion whenever the direction along we consider this transformation 
is everywhere spacelike. We comment on the T-duality relations between the different spacetimes 
discussed before, generalising the known compactified pp-wave relation to Godel-like universes to 
adequate discrete quotients of pp- waves propagating in curved spacetimes. 

In section 3, we work out a few interesting examples of supersymmetric IIB backgrounds which 
have a timelike or null isometry and no CTCs. We show how certain discrete quotients by an 
everywhere spacelike Killing vector can create spacetimes which have CTCs. In particular we work 
out an example of a D3 brane background quotiented by a timelike isometry combined with a 
rotation transverse to the branes, and show CTCs are created by the quotient. We work out the 
case of the supersymmetric IIB pp-wave backgrounds described in |^9| with flat transverse space 
and show how a quotient by the null isometry combined with du and a rotation creates CTCs. We 
also show their T-duals give Godel type universes. Then we work out the case when the transverse 
space is an Eguchi-Hanson and perform a similar quotient. We obtain metrics with CTCs, and 
write down their T-duals which would be the Eguchi-Hanson version of the Godel type universes 
(GEH universes). Finally we work out the case of supersymmetric backgrounds in type IIB that 
consist of pp-wave backgrounds considered in ||2^ superimposed in a supersymmetric way with 
D-branes. We show that quotienting as before we get interesting spacetimes with CTCs. 

Some of the more technical aspects of our work are described as appendices appearing at the 
end of this note. In particular, in appendix |A| we prove that the future directness of a given 
timelike vector field is independent of the choice of the representative of the class of mutually 
future directed globally defined timelike vector fields. In appendix |^, we prove that given a ten 
dimensional spacetime with a compact and periodic spacelike isometry having a future directed 
CTC, then its nine dimensional Kaluza-Klein reduced spacetime has, necessarily, a future directed 
CTC. In appendix |y, we analyse which Killing vectors of the pp-wave backgrounds discussed in 
p9| preserve their supersymmetries when viewed as generators of a discrete quotient. Finally, in 
appendix we construct new supersymmetric type IIB supergravity configurations consisting of 
the pp-waves in superimposed with D-strings. Using U-duality and liftings to M-theory, other 
brane and pp-wave backgrounds of types IIA, IIB or M-theory can be trivially obtained. 



2. On closed timelike curves in symmetric backgrounds 

We would like to study the kind of spacetimes that have closed timelike curves. Since their existence 
or non-existence is only a metric dependent question, we shall focus only on this piece of information 
coming from the classical supergravity configuration. When discussing whether such a feature is U- 
duality invariant, we shall include the fluxes. We shall use as our organizing principle the existence 
of global symmetries in the spacetimes under consideration. We will therefore focus on cases where 
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the geometry possesses some Killing vector k, and in particular, on those in which k is everywhere 
timelike, everywhere null or everywhere spacelike. 

Assuming the existence of such symmetries, one can write a local description for their metric 
geometries in one of the following forms: 

(i) g{k ,k) < 0, corresponding to a timelike Killing vector field 

g = -{Af{dt + Aif + hg, (2.1) 

where hg stands for a nine dimensional positive definite metric and Ai for a one-form, both 
defined on a Riemannian manifold Jig. 

(ii) g{k ,k)=0, corresponding to a lightlike Killing vector field 

g = e2"'("'^)[-2dudt; + H{u,x){duf + 2Ai{u,x)dx' du + /ig] , (2.2) 

where /ig stands for an eight dimensional positive definite metric and Ai = Ai{u,x)dx^ for a 
one- form, both defined on a Riemannian manifold Ng, but also generically depending on the 
coordinate u. 

(iii) g{k ,k)>0, corresponding to a spacelike Killing vector field 

g = {Af{dz + Aif + g9, (2.3) 

where gg stands for a nine dimensional Lorentzian metric and Ai for a one-form, both defined 
on a Lorentzian manifold Mg. 

At this stage, we have only specified the local form of the metric. However, as we will be 
interested in global issues, in particular in closed timelike curves, it will be important for us to 
characterize some global causal features that we shall require from the set of spacetimes that we 
shall analyse. In particular, we shall focus on time-orientable spacetimes |^^. A spacetime is 
called time-orientable if it is possible to define continuously a division of non-spacelike vectors into 
two classes, labelled future and past directed ^. Thus there is a globally defined timelike vector 
r defining the future direction. A vector y is future directed iff y'^r^ < and past directed iff 
y^r^ > ^. Obviously for a given time-orientable spacetime, there can be many different choices of 
such a vector r. However we show in appendix A that if both r and f are globally defined timelike 
vectors which are future directed one with respect to the other, then a timelike vector y^ is future 
(past) directed with respect to r iff it is future (past) directed with respect to f. Therefore the 
specific choice of r'^ within this class will not affect the classification of vectors into future and past 
directed. 

^It is easy to realize that if a spacetime (M, g) is not time-orientable, it always has a double covering space which 
is time-orientable. 

^Note that this is a weaker condition than the existence of a global time function. The existence of a time function 
is equivalent to stable causality. If such a function exists then its gradient is an example of such a vector r^. 
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Given such a time-orientable spacetime, a closed time-like curve (CTC) is, as its name clearly 
indicates, a smooth mapping from the circle to spacetime: 7(A) : M, which in local coordi- 

nates is given by x*(A), such that for all X £ S^, the norm of the tangent vector to 7(A) is timelike. 
There is another requirement on such a curve, which its name doesn't clearly indicate. The curve 
must be everywhere future directed ^. This is an important requirement, because one can always 
find an everywhere timelike curve from a point to itself going first to the future and then back to 
the past in any spacetime. 

In this note, we will always consider time-orientable spacetimes which locally admit one of the 
metrics ( |2.2D , (|2.3| ). We will then ask whether they have CTCs, trying to emphasize the 

differences that arise depending on whether causal curves propagate in non-compact dimensions or 
in compact and periodic ones. Allowing ourselves to consider metrics which locally look like ( p.ip , 
(|2.2| ) or ( |2.3| ), but differ from them globally, we afterwards analyse the same question for abelian 
discrete quotients of the latter. 

2.1 Timelike isometry 

Let us start discussing the metrics possessing a timelike isometry. Being time-orientable, 

we can always take the vector r = 5j to define their future direction. We shall first discuss the 
possibility of having CTCs in these spaces when i € M ^. 

Let A be the affine parameter of a smooth curve {t(A),x*(A) i = 1, . . . ,9}. This curve will be 
future directed if the condition 

|+^,wA),|:>o M 

is satisfied at any point A. It will be timelike if its tangent vector satisfies at any point 



d 



dX 



^ , ^ ^9 f dt dx^ \^ , , , , , , dx^ dx^ 

= _ (aW _ + (,(,)) _j +,,^.w„)__<o. (2.5) 



Since t was assumed to be non-compact, the condition on the closure of the curve gives rise to 
more severe constraints, involving the existence of at least one turning point of t, i.e. a point A* 
where ^(A*) = 0. Thus, a smooth CTC must have a turning point A=k where 



>0 , [-A^Mx)Aj{x) + h,,{x)] 



< . (2.6) 

A, 



Note that if the curve is constant in the time direction t(A) = Iq then the condition (2.6) should be 
satisfied for all A. 

In general, there can be analogous requirements associated with the existence of turning points 
if the curve {t{X) = to, a;*(A)} propagates along some other non-compact directions. The existence 
of functions a;(A) and a A* such that ( |2.6| ) is satisfied, is obviously a necessary but not sufficient 
condition for the existence of CTCs. 



^It can also be everywhere past directed. The latter is obtained from the future directed one by taking the mapping 
7(-A). 

^The case where f is a compact coordinate can be thought of a discrete quotient of this space by dt and thus will 
be discussed in the next subsection. 
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One interesting particular case of the metrics (|2.1| ) arises whenever the nine dimensional Rie- 
mannian manifold ^Sfg has one compact and periodic direction (99 ~ 99 + 27r). The integral curves 
of the vector field ^^p would give rise to CTCs whenever 

A^{y{,^)>Q , h^^ivi if) - A"^ Alivi if) < yy^if, (2.7) 

where we split {x*(A)} = {y-'{X) = y^, y'(A)}. Similar conditions can be derived when considering 
more than one compact and periodic dimension. 

Godel-like spaces provide examples of spacetimes having CTCs which fit into this class. In 
particular, three dimensional Godel (n = 1 in the notation set-up in ||5[), corresponds to A = 1, 
hipip = and = cr"^. The curves r(A) = tq > 1/c, x*(A) = Xq i = 1, . . . 7 and t{X) = Iq, are 
examples of CTCs. The same conclusions apply to higher dimensional Godel universes |5|. 

2.1.1 Discrete quotients 

Assume the existence of a time-orientable spacetime of the form having no CTCs. We can 
consider discrete quotients of these spacetimes, keeping their metrics locally as (2.1). We shall now 
analyse which of these abelian quotients generate CTCs. 

As we can only quotient along Killing directions of the metric, let us consider the case where the 
metric has in addition to dt another isometry V. This means that the different tensors building the 



metric (2.1) are left invariant under its action, i.e. Jiy ^ = ^1 = hg = 0. When embedding 
these metrics in string theory, there will generically be other matter fields turned on. Therefore, 
in those cases, it would be assumed that the vector field V leaves the latter also invariant. Under 
these conditions, it is always possible to work in a coordinate system in which the Killing vector 



field is given by = dy. It is in this adapted coordinate system that the full metric (2.1) can be 
written as 

g = -A^ {dt + Aif + ||y f (dy + ^1) % /ig . (2.8) 



Bi is a one-form in an eight dimensional Riemannian manifold, whereas the one-form Ai is decom- 



posed as Ai = Ai-\-Ay dy, so that the norm of the Killing vector is given by = \\V\\'^ — A^ Af^ 



which defines ||V^|| in (2.8) 



The natural discrete quotients of the metric (2.8) that we can study can be summarized by 



giving the explicit form for the generator of the discrete identification. We write it as: 

^ = adt + , a,/3GR, (2.9) 



where V = dy in (|2^ 



It is clear that the spacetime that we get by identifying points along the discrete action gener- 
ated by ( |2.9D has closed timelike curves whenever (3 = 0, the reason being that ||^|| < everywhere, 
by assumption. Therefore, the integral curves of the Killing vector dt are both closed and timelike, 
providing some particular example. These comments are trivially extended for arbitrary values of 
{a , (5} whenever the norm ||,^|| is negative at some point of our manifold. The more interesting 
cases are those involving an everywhere spacelike Killing vector (||^|| > 0). These are the ones 
discussed below. 
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Notice that for a = 0, and after taking the quotient, y becomes a compact and periodic 
dimension. This situation is a particular case of the one outhned in the general discussion above 
equation ( p.?] ). Integral curves of the Killing vector dy are not CTCs since we are assuming ||^|| > 0. 
However there might be other curves which could be CTCs. In particular, there may exist further 
periodic dimensions, and by studying curves propagating in these subspaces, one may discover such 
curves. For instance, if there is a second periodic dimension ((/?), there will always be CTCs if the 
determinant of the 2x2 metric in the {y, subspace is negative. 

We are finally left with the general case 5, = dt + j3V (where we set a = 1 without loss of 
generality). The norm = — A^(l + 2f3Ay) is assumed to be positive everywhere. We 

shall prove that whenever V \s a. compact and periodic isometry, i.e. y ~ y + 27r is a spatial angle 
> 0), the corresponding discrete quotient will always have CTCs ^ . Before we give a formal 
proof, we note that the reason why these CTCs exist is very simple. After the identification, both 
dy and dt + [idy are becoming circles. These define a two torus. It is always possible to close a 
timelike curve in this two torus by "waiting long enough", that is, by going around the two non- 
trivial circles as many times as necessary, independently of whether f3 is rational or irrational. This 
distinction based on the rationality of (3 would certainly play a role if the curve would be lightlike. 

Let us prove the above statements. First, consider a linear transformation in the {t , y} plane to 
new coordinates {T , Y} such that ^ = dx- Thus, after the discrete quotient, T becomes a periodic 
variable, whereas Y is still a 2tt periodic angle. As already stressed above, let us focus on curves 
{r(A) ,^(A) ,x^' '^(A) = Xg"^} propagating on the two torus. The norm of the tangent vector to 
such a curve is given by 



d 



.dT mr-^'Ay dYV .2\\vr (dYV 



where ||^|| is positive by assumption. We are interested in knowing whether it is possible to 
construct a closed curve being timelike at the same time. 

Let us denote a = 
integers m, n such that 



Let us denote a = — — \cW2 -■, which is a constant, independent of Y, T, A. Then we pick two 



where R is the radius in the T direction (r(A = 2it) = T(A = 0) + 2ttR). It is easy to verify that 
the curve {T(A) = R\^Y{\) = ^X} is by construction a closed curve and everywhere timelike. 
As for its time direction, we note that it is fixed throughout the curve. It is always future (past) 
directed ii R + Ay{^ + (3R) is a positive (negative) number 



®If we would have taken V to be a compact timelike isometry, then obviously we create CTCs. The case where 
V is a, null angular variable obviously creates closed null curves. In the section where we discuss null isometrics we 
consider the creation of CTCs from such orbifolds, where du there plays the role of dt here, and 9„ there plays the 
role of a null V here. 

^Of course we can always flip the orientation by changing {T{\),Y{\)} to {T{ — \),Y{—X)}. Also note that we 



can always choose n,m satisfying (2.11) such that the expression R + Ay(j^ + /3i?) is nonzero. 
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Notice that this construction is very specific to an angle hke V. Had V not been of this 
type, the requirement on the closure of the curve would have put severe constraints on the above 
construction. 



2.2 Lightlike isometry 



Let us look now at spaces of the form (2^). Time-orientability implies that there is a globally 
well-defined timelike vector field r defining the future direction. Let us take this vector to be 
r = ~^[du + (1 + H/2)dy\ which has norm ||t|P = —1. This means that a vector would be 
future directed iff 

yv + _ H/2) - A,y' > . (2.12) 
On the other hand, a vector is timelike iff 

-22/" [y^ - y"/7/2 - Ay'] + h,,y'y^ < . (2.13) 

Therefore, we see that timelike vectors with > (y" < 0) are always future (past) directed, and 
that future directed timelike curves must have = du/dX > everywhere. 

In the following discussion we take u to be non-compact. The case in which it is compact can 
be viewed as a discrete quotient of this space by du, and therefore will be discussed in the next 
subsection. 

Unlike the previous case of timelike isometry, in the lightlike case it is very easy to argue the 
non-existence of closed timelike curves in spacetimes of the form (12.21) ^. Indeed, any future directed 



timelike curve must have ^ > everywhere , and any closed curve must have a turning point in u, 
where ^(A*) = 0. Obviously the two conditions cannot be satisfied simultaneously (furthermore, 
at such a turning point, the norm of the tangent vector to the curve cannot be negative, as /ig is 
positive definite. Thus the curve cannot be timelike at that point). 

Therefore closed timelike curves in these wave scenarios could only be possible if u is a compact 
direction. This can be realized either by considering spacetimes which are already invariant under 
finite shifts in u, i.e. w{u,x), H{u,x), Ai{u,x) and hij{u,x) are periodic in u and then one can 
discretely quotient the space and make u into an angle, or by considering spacetimes where u is 
a Killing direction, i.e. all the above mentioned functions are independent of u, and one can then 
consider a discrete quotient of the spacetime along du- We analyse this second possibility next. 

2.2.1 Discrete quotients 

As in the discussion of discrete quotients for spacetimes having a timelike isometry, it is convenient 
to classify the different discrete quotients that one is going to study by writing the family of Killing 
vector fields generating them. In the following, we shall focus on quotients generated by 

^ = adu + Pd^ + jV , (2.14) 



*For the special class of metrics with 'w{u,x) constant, At — and hg = 5, this statement was also shown in 

lilliol. 
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where V stands for an arbitrary Killing vector field of the metric (p.2|), that is, it satisfies the 
conditions w = Ai = H = Hyhs = 0. It is useful to compute the norm of this Killing 
vector field ^ : 

||^||2 = e^'"[-2a(3 + Ha^ + 2ajAiV' +-f\i,V'V'] . (2.15) 

It is clear from our previous result, that any discrete quotient generated by with a = has 
no closed timelike curves. 

Let us set then a = 1. Whenever /? = 7 = 0, we are effectively dealing with a compact 
and periodic u coordinate. The integral curves of the Killing vector field du, which are closed 
by assumption, will be timelike whenever the fixed point Xg in the eight dimensional where they 
lay is such that H{x'q) < 0. A similar result applies to other choices of {/?, 7} such that the 
norm < at some point of the manifold. In particular if 7 = and £, = du + Pd^ then 

||^||2 ^ e2'"(^")[iJ(xo) - 2(3] and ff there is a point where H{xo) - 2/3 < then CTCs will be 



1 2 _ ^2w{xo) 

created by the quotient. 

So we turn to consider the case where > everywhere (and 7 7^ 0). As before we limit 
ourselves to discussing the case where V is a compact and periodic isometry. It is convenient for our 
purposes to work in an adapted coordinate system for the eight dimensional metric where V = d^, 
tp standing for a 27r periodic angle. At the same time, we shall apply a linear transformation in the 
{u ,v ,^p} plane, 

u' = u , v' = V — j3u , ip' = tp — 'yu 
so that the Killing vector field in the new coordinates is ^ = du' , and the metric is given by 
.M^) ^_2du' dv' + {H{x) - 2(3) {du'f + 2du' {Ai dx' + [dcj) + 7 du')) 



9 



+\\y\ 



2 

+ 7 du' + Bi{x) dx') + kjdx'' dx^ 



(2.16) 



Let us now construct the following curve: we take v'{X) = v'q , x*(A) = Xq fixed. Then choose 
two integers m, n such that 



m 



n 



< -R 



2 H-2P 



A^ (-fR 



m 



n 



< . 



This is possible iff — 2/5 < at Xg. Then we take: u'{\) = 2TinR\ and (/)(A) = —2iTm\ (where u' 
is periodic with period 2'kR). Clearly the curve is closed, and to verify it is timelike, we evaluate: 



d 



dX 



e^'"{2T:nRY 



\V\ 



i?2 



^H-2(3 ( m\2 A^R ( m\ 



< . 



We conclude that if there is a point Xq where H{xo) — 2(3 < 0, then the quotient by ^ 
du + (38^ + 'ydjp for all 7 creates CTCs ^. 



''Actually it can be proved that for Ai = and —H > and superquadratic, also noncompact V Killing vectors 
would always create CTCs. This has been shown for lu = in jl^] and can be trivially extended to the case where 
w / 0. 
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The above existence proof uncovers all plane wave metrics propagating in M.^, which after taking 
a discrete quotient by ^ = 9„ + pdv + whose norms equal one, = 1, give rise to spacetimes 
having CTCs and being T-dual to Godel-like universes |Q, It generalises to arbitrary pp-wave 

metrics propagating in generic curved eight dimensional euclidean manifolds, having at least one 
compact and periodic dimension. 

2.3 Spacelike isometry 

Let us finally consider metrics of the form Given a curve {z{X), x*(A)}, the norm of its 

tangent vector at a point A is given by 

d ^ , . .1 f dz . , / , N X dx^ \ ^ _ dx* dx^ 



dX 

This curve is a CTC iff the above norm is negative everywhere, the curve is closed and it is 
future directed. 

Let us now consider the 9-dimensional spacetime with metric gg. As the 10-dimensional space- 
time is time-orientable, this 9-dimensional one must also be, and if r = r^dz + T^di was a future di- 
rected vector in the 10-dimensions, it is easy to see that r*(?j is a timelike vector in the 9-dimensional 
spacetime, defining its future direction. 

We now show that the curve {x*(A)} is a CTC in the 9-dimensional spacetime with metric ^g. 
It is straightforward to see that as a projection of the 10-dimensional closed curve, it must also be 



closed, and from (2.17) it is clear that it must also be timelike. It only remains to show that it is 
future directed with respect to r*9j. This fact is proven in appendix B. 

Thus, we find that a necessary condition for the existence of CTCs in these scenarios, is the 
existence of CTCs in the nine dimensional metric g^. 

The discussion based on non-propagating curves in z effectively reduces to discussions presented 
in previous sections, depending on the amount and kind of isometry present at sections of constant 
z. We shall therefore skip this point and concentrate on the more interesting compact z isometry. 

2.3.1 Discrete quotients 

Let us proceed as we did for the previous discrete quotient discussions. In this case, we shall study 
discrete quotient manifolds obtained by identifying points under the discrete action generated by 

i = adz + l3V. (2.18) 

If we set /3 = 0, we end up with the standard Kaluza-Klein ansatz metric, where now z is 
compact and periodic. We shall next prove that in this case, the previous necessary condition for 
existence of closed timelike curves is also sufficient. Indeed, if we assume the existence of a closed 
timelike curve in gg, we can always construct a closed timelike curve in ten dimensions. Denote 
such a nine dimensional closed curve by {x*(A)}, A G [0,27r], and introduce a real number k G M 
satisfying"'^'^ : 



dx™ dx" _i 

9mn 7^ 9zz 



. dX dX 



> V A . 



^Such a number must exist as x'"{X) are all smooth functions from a compact domain to a compact domain. 
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The crucial steps of the proof consist of showing that we can always construct a ten dimensional 
closed timelike curve by requiring 

(2.19) 

and demanding < k^. First we want to show that the curve resulting from integration of the 
differential equation (|2.19| ) can be made closed. Indeed, we want to know whether there is a real 
number e , and two integers k,n £ Z for which 

z{2-iTk) = z(0) +27ri?n 

where 27r is the period in the affine parameter of the nine dimensional closed curve x™(A), and R 
is the radius in the z direction. The answer is clear, choose 

1 /■^'"'^ dx"^ . n n 



2-Kk 



n n 

Am{x{\))-^d\ + R- = a + h-. 



where a ,b G R The second step consists of showing that the closed curve is timelike. This is 
equivalent to showing that one can always choose two integers {n. A:} such that 



< 1 , a' , 6' G 



which is a condition that is derived from the choice of e and the condition < k^. That one can 
indeed find these integers can be seen just by choosing 

n = Int(^^ A;) ± 1 , A; = Int(6') ± 1 • 

The previous discussion was focusing on the closure and timelike character of the curve, but as 
we stressed in the introduction of section |2|, a further important requirement comes from being a 
future directed curve. Thus, the last step of the proof consists in showing that the ten dimensional 
curve that we constructed is indeed everywhere future directed. Assume the nine dimensional 
curve x™(A) is future directed with respect to f, so that this curve is indeed a good CTC in nine 
dimensions. We can always build a ten dimensional globally defined timelike vector field r out of f. 
Indeed, we can just take r = —{AjT^)dz + f . Since we proved in appendix ^ that future directness 
is independent of the choice of the representative in the class of mutually future directed timelike 
vectors, we only have to prove that our ten dimensional curve is future directed with respect to 
this particular choice of r. This last statement is trivial, if it is also satisfied in nine dimensions, 
as we assumed. 

This completes the proof that the ten dimensional metric (|2.3| ) quotiented by dz has closed 
timelike curves if and only if the nine dimensional one gg does. This statement will have important 
consequences for the behaviour of closed timelike curves under everywhere spacelike T-duality 
transformations, but we shall postpone this discussion until section 

^^Note that a is independent of k as the curve a;™ (A) is periodic. In fact a = ^ Jq^ Am{x{X)) d\. 
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Let us now consider the general scenario, in which /3 7^ 0, and for convenience set a = 1. If 
V is timehke or null, then this is one of the cases we already considered in sections 2.1 or 2.2. We 
concentrate, as before, on the case where ^ is a spacelike compact rotational isometry. 

By assumption, the description of such an spacetime can always be given in terms of the 
following metric description : 

g = {Af {dz + Ai dx' + dipf + \\Vf {dip + Bi dx'f + , 

where V = d^, and \\V\\'^ = \\V\\'^ + ^4^. By a linear transformation, Z = (j) = ip — (3z, the 
Killing vector becomes £, = dz and the final metric can be written in the form 

g = Uf {dZ + a^d(t> + aif + Q + Pif + hs , (2.20) 

where ai,pi, /ig are defined on the 8-dimensional manifold transverse to Z, (j) and the number Q is 
given in terms of the geometric data defined above by 



Q 



By our previous discussions, we know that whenever < we will have CTCs, which 

corresponds to the condition 



If II^IP > 0, but Q < 0, there are also CTCs. Both conditions translate into 

A^Al>\\Vf>-^ (l + 2/?A^) . 

Finally, if both Q > 0, by trivial extension of our arguments, there will exist CTCs iff the 

8-dimensional metric has CTCs. 

2.4 On closed timelike curves and U-duality 

In the previous section, we have discussed under which circumstances closed timelike curves exist in 
certain families of metrics. It is natural to ask whether there exists some relation between different 
metrics having closed timelike curves, and even more intriguing, whether metrics having them are 
related to metrics free of these causality violating curves under certain duality transformations. In 
particular, it is natural to ask whether the notion of existence of closed timelike curves is a U-duality 
invariant notion. Before entering into a more detailed discussion, we would like to emphasize the 
regime of validity in which we will be working. The whole notion of a closed timelike curve is 
based on geometrical (and metric) grounds, and as such, any discussion of its existence will entirely 
rely on a classical description of a given spacetime metric. Furthermore, when dealing with T- 
duality in string theory, it is important to distinguish how this conjectured duality manifests in 
the different regimes of the theory. Since we are forced to work in the classical gravitational limit. 



T-duality is manifested through the Buscher rules [31| mapping on-shell configurations belonging 
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to "different supergravity theories". These transformation laws are only valid to one loop in a' . 
Furthermore, they do not take possible physical effects associated with the winding sector of the 
theory into account. Therefore, all we have to say below is concerned with the purely classical 
general relativistic approach to T-duality. But even in this limit, there are non-trivial statements 
to be made due to the interplay between the metric and the NS-NS two form. 

Let us assume that we have a classical solution to some type II supergravity theory which is 
reliably described in this regime^'^. Concerning S-duality, it is manifest, at least at the level of type 
IIB supergravity, that the existence of closed timelike curves is an S-duality invariant notion. The 
reason is that the metric of the original configuration and its S-dual description are conformally 
related. Thus, the causal structure of both metrics is the same, and in particular, the existence or 
non-existence of closed timelike curves is preserved under this particular kind of transformations. 
Notice that this is a general statement which does not depend on the kind of spacetime we are 
studying. 

On the other hand, a priori, it would seem that such a property is not shared by T-duality. 
By looking at the transformations mapping the supergravity multiplets between type IIA and IIB 
supergravity, one observes that the metric and NS-NS two form are related to each other, so that 
it is far from obvious that such a property would be preserved. Even though it may be counterin- 
tuitive, there is an argument giving some clues that this might be correct. Any on-shell spacetime 
supergravity configuration to which we want to apply a (spacelike) T-duality transformation^^ has 
to be invariant under a spacelike z translation^^. In particular, this means that the original metric 
configuration can always be written in a Kaluza-Klein ansatz form : 

g = ~gmn dx"" dx" + g,, (dz + A^dx^^f . (2.21) 



Therefore, the metric (2.21) is of the form (2.3), and we can use all the results that we obtained in 
subsection p.3.1| for a periodic spacelike isometry dz ■ 

Physically, it is clear that in the limit in which the Kaluza-Klein observer description is reliable 
(nine dimensional metric ^), the notion of existence of closed timelike curves will be T-duality 
invariant, since for that observer, only the nine dimensional metric that he/she measures is relevant, 
and that metric {g) is T-duality invariant. We want to show that, actually, the notion of existence 
or non-existence of closed timelike curves is a ten dimensional T-duality invariant notion. 

In order to prove this statement, let us first write the T-dual metric of a given metric ( |2.21| ) 

g = gmn dx"" dx" + — {dz- B^zdx^f , (2.22) 



9. 



zz 



where B^z stands for the ^93-62 components of the original NS-NS two form. Notice that (2.22) is 
again of the form (|2.3|). 



^^The dilaton does not blow up, and the curvature 3? is small in string units, 3? • a' <C 1. 

^''The possibility of studying T-duality along a timelike direction can also be considered, and one can work out 
some generalization of the T-duality rules. We will not discuss this possibility in this note. 
^■'From now on, the z direction will stand for the direction along which we study T-duality. 
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We already know that both 10-dimensional metrics would have CTCs iff the 9-dimensional 
reduced one g does, a statement that relies on appendix ^ Since for both T-dual metrics, this 
Kaluza-Klein reduced metric is the same, we conclude that the existence of CTCs is a T-duality 
invariant notion 

Knowing this fact about T-duality and CTCs, it is natural to ask whether there is any relation 
between different scenarios discussed in section § having CTCs. As it is already known in the liter- 
ature, there is a close relationship between certain compactified pp-waves and Godel-like universes. 
We are in a position to generalize this connection to a wider set of configurations. 

Consider a discrete quotient of a type II configuration having a lightlike isometry, so it is 
described by (^.2|), with a vanishing NS-NS two-form, and some non-trivial dilaton profile which 
has CTCs. Thus, the generator of the identifications is given by 

where V stands for a compact and periodic isometry. We can introduce an adapted coordinate 
system 

X = e' y 

(2.23) 

V = V + Pu , 



in which ^ = du- The metric (|2.2| ) written in coordinates ( 2. 231) is given by 



g = e^- [-2dudv' +gijdy'dy^ + 2{A^,) + j V^,)) du] + Ufdu^ , (2.24) 

where + 7 V(i) = Ai{y) dy^ + 7 9ij{y)V^ {y) dy\ Applying the T-duality rules appearing in |]3l| 
along the spacelike direction 9„, one obtains the type II T-dual configuration 

9 = -e^'IICir' {dv - (^(1) +7^(1)))' + e^'^g^.dy^ dy^ + du^ 

Bi2) = e'" m\~^ du A (^(1) + 7 ^(1) - dv) (2.25) 

Therefore, we can state that the T-dual configuration of discrete quotients of pp-wave backgrounds 
with vanishing NS-NS two- form and Killing vector ( p. 14 ) , giving rise to CTCs after the discrete 



identification, is a metric of the type (2.1). This conclusion uncovers many particular examples 



that have already been reported in the literature and points out that the crucial property behind 
these relations are the symmetries of the spacetimes involved in the discussion. 

^^In it was claimed that in certain cases the T-dual closed timelike curves could be "resolved" in the sense 
that they could change their nature from being purely topological to purely geometrical. The attitude in that paper 
is that all closed timelike curves introduced by discrete identifications are not intrinsic to Einstein field equations, 
since the latter are local equations, and locally our quotients are not distinguishable from the original spacetime that 
we started from. Thus, one might be tempted to conclude that from a purely supergravity point of view the latter 
distinction is important. In the present paper, we prefer to take a more stringy perspective, and even though, our 
analysis only applies to the supergravity regime, we do believe the physics of our original spacetime and the one after 
discrete identifications are manifestly different. Thus, we do want to claim there are still closed timelike curves in 
the T-dual description. 

^''We can certainly include arbitrary RR form potentials, but they will not modify our argument, so we shall not 
include them in the discussion to keep it free of useless technicalities. 
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3. Supersymmetric configurations and CTCs 

The extension of the formahsm developed in the previous section to supersymmetric configura- 
tions is straightforward. The only relevant question that remains open is if supersymmetry is 
preserved under discrete quotients of the initial spacetime configuration, and if so, how many such 
super symmetries are preserved. 

The answer to this question can be non-trivial in general. To begin with, the quotient manifold 
M/r may not even allow a spin structure, so that standard fermions do not exist on it Since 
it is not the purpose of this paper to investigate this issue, we shall assume that M/F has spin 
structure. In that case, given a background with Killing spinors e, the local criterium for the 
existence of supersymmetry in M/F is given by 

^^e = i^VMS - ^V[Me^]F*^^e = , (3.1) 

which selects the subset of the original Killing spinors left invariant under the action of the generator 
^ of the discrete identification. We shall use this approach in the following subsections. 

3.1 Timelike isometries in susy configurations 

As an example of closed timelike curves in a supersymmetric realization of the metric family ( p.ip , 
we shall consider a discrete quotient of the well-known supergravity configuration describing a 
bunch of parallel D3-branes in Minkowski spacetime. We would like to stress that the particular 
example discussed below is just the type IIB adaptation of the scenarios discussed in ^ in 
an M-theory context and which were referred in these references to as "exotic reductions". 

The idea is very simple. Consider the classical type IIB configuration describing D3-branes 
located at the origin, whose metric^^ is given by 

g = r''\r) ds\E'^') + f/\r) ds^E^) , f{r) = 1 + ^ , 

and study its quotient under a discrete identification generated by the Killing vector field 

^ = ^+p^ = fidt + ei R45 + O2 Rei + O3 Rs9 , (3.2) 

where Rij stands for a rotation in the ij-plane. 

The first question one needs to clarify is whether the norm of the above Killing vector can be 
made spacelike everywhere, by a convenient choice of the set of parameters {//, 9i}. Notice that 
the norm of the transverse rotation at infinity satisfies some bounds 

r^M^ > ||p±||L > r'^rn^ > 
where m can be made nonzero if 6i 7^ Vi. Therefore, the norm of the Killing vector satisfies 

^^This does not exclude the possibility of having "charged" fermions in some spin*^ structure, for example. 
^*The full type IIB configuration involves a constant dilaton and a non-trivial RR five-form field strength, but we 
shall not be concerned with their explicit form in the following discussion. 
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since /(r) is an everywhere positive function. The right hand side defines a function of the radial 
coordinate F(r). This function is minimized at the critical radius 

r^m = ^ , 3.3) 

as can be checked by evaluating the second derivative F"(ro). Requiring the value of the function at 
the critical radius to be positive, to ensure the spacelike character of the Killing vector ^ everywhere, 
gives the extra condition < \Q\, which can be translated in terms of the parameter appearing 
in the determination of the critical radius ( W^ ) 

^? < 2m2|Q|V2 . (3.4) 

To sum up, it is possible to construct a discrete quotient of the standard D3-brane configuration 
involving timelike translations and transverse rotations leaving no directions perpendicular to the 
brane invariant (9i ^ OVi), such that the norm of the full Killing vector is spacelike everywhere. 
This is achieved by fine tuning the otherwise free parameter /i, which is constrained to satisfy the 
upper bound ( |3.4D . 

Since p± corresponds to a compact and periodic isometry, the above example fits into our 
general discussion of discrete quotients having a timelike isometry. As such, we conclude it has 



CTC's. The same conclusion applies to all "exotic reductions" considered in |32, 33 1. It is important 
to stress that the above conclusion is independent of whether the quotient preserves supersymmetry 
or not, that is, it is independent of the choice of the rotation parameters {9i} as far as all of them 



are non- vanishing. For a discussion on the supersymmetry preserved by these quotients, see |32 |. 
3.2 Null isometries of the pp-wave type 

We shall now discuss some examples of metrics having null isometries in a supersymmetric context. 



We shall focus on the type IIB supergravity configurations studied in |2£], even though there were 



more general backgrounds both in type IIB and IIA discussed in |34]. Let us quickly review the 
solutions presented in pT 



The general (2,2) supersymmetric pp-wave background can be parameterized in the form: 

g = -2dx+dx- - 32{\dW\'^ + \V\'^){dx+f + Ig^pdz^df , 
F5 = dx^ A 934 , (3.5) 

where 11^ is a holomorphic function, and a holomorphic Killing vector coming from a real Killing 
potential U such that V^V^ = and 9j^[y^V^I^] = 0. ip2 parameterizes the four-form 934 in as 
explained in : 

m = J^['^^lvg''''e^dz^' A dz^ A dr A dz^ + ]^<^^pgp-pdz^' A dz^ A dzP A dzP + c.c] . 
The Killing spinors are parameterized by two complex parameters. 
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On the other hand, the general (1,1) super symmetric pp-wave background can be parameterized 
in the form: 

g = -2dx+dx- - 32(|dC7p)(da;+)2 + 2g^ydz^'dz^ 
F5 = dx'^ A ifi , 

where C/ is a real harmonic function. The Killing spinors are parameterized by one complex pa- 
rameter, and is given in terms of ip2 as explained above. 

These solutions are free of closed timelike curves, but we would like to study whether discrete 
quotients of them can generate such curves while preserving supersymmetry. By our general ar- 



guments in section 2^, many of these discrete quotients will indeed have CTCs, so we are left to 
determine which of these quotients preserve some amount of supersymmetry. This is analysed in 
detail in appendix y. The main conclusion out of this analysis is that any Killing vector of the 
form 

C = ad+ + bd-+V, a, 6 G R (3.6) 

where V is an holomorphic Killing vector of the transverse eight dimensional metric such that it 
commutes with V, i.e. [T^ , V^] = 0, and preserves V W, i.e. iiyV^W = 0, preserves all the (2,2) 
supersymmetries of the original background. For completeness, we provide its norm 

= -32a2 (|dT^|2 + |y|2) + 2|y|2 - 2ab. (3.7) 

According to our previous discussion in section ^, we can immediately conclude that for a = 
we get no CTCs in the discrete quotient spacetime. On the other hand, for a 7^ 0, any discrete 
quotient generated by ^ with V being a compact and periodic isometry can give rise to CTCs. We 
shall study a couple of examples where this feature will be shown explicitly. 

3.2.1 Flat transverse space 

The simplest example we could consider is a pp-wave propagating in a flat eight dimensional 
transverse space 

g = -2dx+dx~ - 2,2{\dW\^ + \V\^){dx+f + 26.pdzf'dz'' , 

(3.8) 

ftiu = d^djyW , ipfip = dfidjyW , ipfii, = df^duU . 

Out of the symmetries of this spacetime, we shall only consider those preserving its complex struc- 
ture, thus 

V = iiP" + Kz'')d^ + c.c. , U = P^z^" + Rf.uz^z" + c.c. , 

and W is any holomorphic function. 

According to our general analysis in the previous section, the generator of the discrete quotient 

^ = ad+ + bd^+V , V = i{P^ + R^^z'')d^, + c.c. , 
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will preserve all the original super symmetries if V is an holomorpliic Killing vector field satisfying 
[V, V] = and £jyV W = 0. These conditions imply that 

[R, R] = , P^'R"^ = P^'R"^ , {P^ + R^iz'')d^W = const . 

We introduce new coordinates 



{x y = X — {b/a)x^ , 



(3.9) 



in which ^ = 8^+, by construction. The metric is given by 

g = -2dx+dx~' + \m\dx+f + 2[V^dy^' + %df^]dx+ + 2 5^p dy^'df , (3.10) 

where 

llCf = -32a2 {\dW\'^ + \V\^) + 2|y|2 - 2ab . 

The identification ~ + lirR generates CTCs, and since we know these are preserved 
under a T-duality transformation, it is just more convenient for us to look for them in the T-dual 
picture. Taking the particular case W = 0, V = AaV = + c.c. and 2ab = —1, one finds 

that ll^lp = 1, i.e. ^ is everywhere spacelike. After T-dualizing the metric along ^, we get the 
family of Godel-like solutions related to compactified plane waves, mentioned in ^, ^]. Their 
metrics are given by 

~g = -[dx^' - {iRf'^y^df + c.c)f + (dx+)2 + 2 dy^'df , 

which are known to have CTCs. 

3.2.2 Eguchi Hanson transverse space 

Another very interesting metric to look at, which possesses some supersymmetry is a pp-wave whose 
8-dimensional transverse space , z^ , M = 1..4 is the direct product of an Eguchi-Hanson space 
on z^^, z^^, ^=1,2 and a space z^, z% i = 3, 4. 

The Eguchi-Hanson metric is given, in the above complex coordinates, in terms of the Kahler 
potential: 

where = (z^)"^ + (^^)^ and = + a^. Its components are explicitly given by 



a'^z^Zu _ / / a^Zf^Zy 



p 

Thus, the full transverse space where the pp-wave propagates is given by 



^8 = 2[gf,pz^'z'' + dfjdz'-dzi] = qeh + • 
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The latter has the following traceless holomorphic Killing vectors: V^^ = iC^^z^ where is a 
constant hermitian traceless 4x4 matrix which is block diagonal^^. 

Although it is possible to work with a general such matrix (having seven complex parameters) , 
we choose to simplify things and work with the diagonal matrix C = /x • diag{l, 1, —1, —1), ^ a real 
parameter. For this choice, the norm of the Killing vector is \\V\\'^ = ^u^dz^p + jz^p + ^). All in 
all, we shall be considering the following particular (2,2) supersymmetric pp-wave solution '^^ : 

g = -2dx+dx- - 32|y|2(dx+)2 + + , Wf = + + ^) , 

^ (3.12) 

¥'1122 = 9^3344 = M > ^^,ufj = ^^ij[9ii9ux]z^ ■ 

We know there are no CTCs in the above pp-wave configuration, so we shall focus on discrete 
quotients of it generated by the Killing vector field 

e = a+ + aa_ + {iD%z^dM + c.c) , 

where D^j^ stands for a 4x4 constant block diagonal hermitian and traceless matrix. Instead of 
studying the most general scenario, we specialize to the simpler case where D = h'-diag{l, 1,-1,-1), 
ly real. 

It is convenient to introduce a new set of coordinates in which ^ = The latter is given by 

-' - + 
X = X — ax , 

(3.13) 

The metric, when written in terms of this adapted coordinate system, becomes 



g = -2dx+dx' + Uf {dx+f + g^n + g^2 



If 



{uj^'glfdLJ^ - c.c) + {uj^duj^ + Lo^duj^ - c.c)] dx+ (3.14) 



Notice that F5 = dx^ A (p4 keeps its form, just by replacing all the dependence in in ip4 by u>^ . 
Let us introduce polar coordinates to describe both complex planes. In particular, consider 

= pcos{e/2)e^^'^+^^ ; = psm{e/2)e^^^~^'^ , 

. _ _ , - - (3.15) 

= pcos(^/2)et(^+'^) ; w"^ = psin(^/2)e^('/'-'^) , 

where, as before, = + o^. In this way, we can rewrite the metric ( |3.14 ) using the standard 
5u(2) left invariant one- forms {o"j, fij} as follows 

g = -2dx+dx~ + (dx+)2 + gEH + g^2 + 2u (^"^d^ + ^a^^ dx+ , (3.16) 



^^Note that V^' cannot have a constant piece in the 1,2 directions, as it must respect the Z2 symmetry —z^ 
of the Eguchi-Hanson space. 

^"We could have also added any holomorphic function W{z^') to g++ and the corresponding 5-form fluxes, such 
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2 

where ^eh = ^{dp^ + P^<^D + r'^i^^l + fy) > = dfp + p'^ia'^ + + ^l) and the norm of the 
Kilhng vector is given by = -{2a + (32/x2 - i/^) (^p^ + 

The identification, ~ + 27ri? will create CTCs, as ^ involves a compact rotation isometry. 
This is more manifest in the T-dual description. Indeed, consider the T-dual configuration along 
the direction, for the particular choice 32;U^ = v'^ and a = — ^. This has a non-trivial NS-NS 
two-form potential, B2 = i—dx~ + v{f?crz + ^cr^) ) A dx~^ and a metric 



dx -v[ + ^a, 



-1 2 



+ (dx+)^+5EH + 5c2 ■ (3-17) 



We are ignoring here the details concerning a non-trivial RR four-form field strength. 

By inspection of ( |3.17] ), we see immediately that we have CTCs. Indeed, g^^ = ^(1 
and giT = ^(1 — v"^ p^), both becoming negative as p,p increase. Notice that the metric ( 3.171) 



can be regarded as a Godel-type universe over an Eguchi-Hanson space, and by construction it is 
supersymmetric. 



3.2.3 D-branes in pp-wave backgrounds vi^ith transverse flat space 

As a final example of a supersymmetric background having a null isometry we will consider that of 
a joint (2,2) supersymmetric pp-wave and a D-brane in type IIB theory. Such a background is not 
of the pp-wave type, as it has a non-trivial warp factor describing the backreaction of the D-brane. 
Yet, it is easy to handle as its supersymmetries are known. When there is no D-brane, we know 
these pp-waves have at least (2,2) super symmetry. In the case on which we shall concentrate, the 
addition of the D-brane projects out half of these, leaving us with a (2,0) or (0,2) supersymmetric 
background. We actually prove that the pp-wave superimposed with a Dl-brane in the 
directions preserves (2,0) supersymmetry. Using U-dualities one can obtain other supergravity 
backgrounds in type IIB, type IIA and M-theory, where the pp-wave is superimposed with a brane 
in a way that preserves (2,0) supersymmetry. 

Supergravity solutions for D-branes in plane wave backgrounds with flat transverse space have 
been previously obtained in [51], and for D-branes in pp-wave backgrounds with flat transverse 



space such solutions were obtained in jSg, Note that our solutions in appendix D differ from 
those obtained in |^6| as they claim to get Dl-|-pp solutions which are not supersymmetric, while 
we find (2,0) and (1,0) supersymmetric solutions for the Dl-|-pp system. Our results also differ 
from those of ||3^ as they try to find supersymmetric solutions for a general flux, while we pick a 
flux related to the metric, so that the entire background preserves some supersymmetry. 

Even though our results are more general, let us work with the (2,0) supersymmetric pp 
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wave+Dl background in flat transverse space. The complete background is given by 
g = f-^l^[-2dx- dx+ - 32(|dVF(z)|2 + \V{z)\^){dx+f] + f/^dz^dz"" , 

F5 = dx+ A ip4 , (3.18) 

F3 = dx+ A dx' A df'^ , 

where /{z^jZ") is a real harmonic function, ^(z) a holomorphic function and a holomorphic 
Kilhng vector, such that daV = daiV^dpW] = 0, = id^,U. 

In the absence of the D-strings, we showed in Appendix C that any Killing vector of the form 

^ = ad+ + bd^+V , 

preserves all the (2,2) supersymmetries if 1/ is a holomorphic Killing vector satisfying V ^V^ = 
and 

HyV = iiyV^W = . 

In the presence of the D-strings, it is easy to see that the previous ^ will preserve all the supersym- 
metries of the joint ppwave-|-Dl set-up if it satisfies the further requirement 

which again ensures it is an isometry of the background ( ^.181) . 

Under these circumstances, both V and V generate rotations in the transverse space, 

V = i R^^z" + c.c. , V = i R^^z" + c.c. . 

Therefore, if V satisfies the conditions 

[R, R]=0 , R^iz^d^W = const , 

it will be an isometry of ( ^.18[) and will preserve all its supersymmetries. 

Instead of dealing with the most general possibility, we shall focus on a particular example in 
which we set W = 0, \P^V^ = V>^ = if3 {z^di - z'^d2 + ^^^3 - z'^di), a = -2b = 1 and we take 
all the D-strings to be localized at the origin, so that the real harmonic function is / = 1 + Q/r^. 
Therefore, we are dealing with the background 



9 



f-^/^[-2dx-dx+ - /5V2(dx+)2] + f/'^dz'^dz^ 



Vf.. =VflP = ; = df,d,{^{\z^\^ - |zT + |/|2 _ |^4|2)) 

V 62 



F5 = dx^ Aip4 , F3 = dx^ Adx A df ^ 



(3.19) 
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and the generator of the discrete quotient that we shah analyse is given by ^ = 9+ — ^d- +P{iz^di ■ 
1x^82 + iz^dj, — iz^d4 + c.c). 

By changing coordinates to an adapted coordinate system defined by 

X-' =x- + , = e-'^-\' , y2 = e+*/3-+^2 ^ ^3 ^ ^3 ^4 ^ ^4 ^ 

in which ^ = 0+, the metric in ( 3.19| ) is 



g = f-'/\l + P^Q^/r^)[dx+ - (1 + p'Q'/r^r\dx~' - /?/ ^ r|d0,)]2+ 

j 

- 1 + bZm " ^ + + '^'^^^'^ ' ^'-'"^ 

where we introduced polar coordinates in each of the M? planes, i.e. y^ = rje^^^ j = 1,2,3,4. 

In this form, it is obvious that orbifolding by ^ would generate a spacetime with CTCs. For 
instance, the T-dual metric along x^ has future directed CTCs given by the orbits of the vector 
field -del for /3ri > 1 + p^Q^'-^^. 
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A. Future directed timelike vectors 

In this appendix we will show that if a timelike vector y is future directed with respect to a globally 
defined vector field r, it will also be future directed with respect to any other future directed timelike 
vector f. In other words, the future directness of a given timclikc vector field y is independent of 
the choice of the representative of the class of mutually future directed globally defined timelike 
vector fields {r}. 

Mathematically, what we want to show is that if the following conditions are satisfied 

\\yf <0 , ||t||2 <0 , <0 (A.l) 

||ff <0, 5(r,r)<0, (A.2) 

this implies that 

g{y, f) < 0. (A.3) 

We will first prove this statement in Minkowski spacetime, and afterwards that it also applies 
to any spacetime with the same signature. In Minkowski spacetime, from the condition that both 
y and r are timelike, we derive the condition 

{yo?iro?>\y\'\r\'>{y-rf , 

where we split y = {yo, y), t = {tq, t) and x ■ z stands for the euclidean scalar product of two 
vectors x and z. 

Due to the fact that y is future directed, the condition yQTQ> y- t satisfied. This allows us 
to infer that 

yo To > . 

An analogous conclusion is obtained for the product tq tq > 0. 

If To > |f|, we conclude that both tq and yo s^re positive, and consequently, yo > If 
Tq < — |t|, we conclude that both tq and yo are negative, and consequently, yo < In either 

case, 

yoTo > |y| |t| > y • f . 

Thus, indeed y is future directed with respect to the globally defined timelike vector field f. 

To deal with the curved spacetime, we just notice that we can always introduce a local or- 
thonormal frame in which our spacetime is Minkowski, and where our previous proof applies. Since 
we assumed that our spacetimes are time-orientable, this means that the distinction between future 
and past directed vectors can be done at any point, and therefore the local analysis of our metric 
is enough for our purposes. 

B. CTCs in a dimensionally reduced spacetime with spacelike isometry 

The purpose of this appendix is to show that given a ten dimensional spacetime with a compact 
and periodic spacelike isometry dz having a future directed closed timelike curve, this necessarily 
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implies the existence of a future directed closed timelike curve in the nine dimensionally reduced 
metric g. 

Thus, we have a ten dimensional metric of the form (|2.3| ) and a globally defined timelike vector 
field r, with respect to which a closed timelike curve {^(A), x*(A)} is future directed. And we want 
to show that there exists a closed timelike curve x*(A) which is future directed with respect to a 
globally defined nine dimensional timelike vector field f . 

We shall prove that the simple choice f = r*9j and x*(A) = a;*(A) already fulfills all the above 
requirements, where we decomposed r = r^dz + T*9j. All these requirements are trivial except for 
the future directed character of a;*(A). Let us assume that given these choices the nine dimensional 
curve is past directed at some point Aq- We shall show that we get a contradiction. 

Let us introduce the parameters a = A{z + A-x) and (3 = A{t^ + A-t), where dot stands for ^ 
and where all expressions are evaluated at Aq- In terms of these, our ten dimensional assumptions 
can be written as 

< < -||x||^ , < < -||r|p , a/3 < -gg^r, x) < , 

where = 59(1/, y) Vy. These inequalities imply that 

Ux, r)2<a2^2^(-||x||2)(-||r||2) . 

However, the last inequality can never be true for two timelike vectors and a metric of lorentzian 
signature, i.e. for any two timelike vectors with components a* , 6* the following is always true: 

Qijgkia'b'^ia'V - a^h') > . (B.l) 

One way to show this is to work in a local orthonormal frame. This amounts to computing the 
left hand side of the above expression by replacing gij — > r/jj and expressing both vectors in the 
corresponding orthonormal frame basis. The result, 

g^,gkia'b'{a^V - a^b') = (a • bf - ||af = 

(|a|2|6|2) cos" 6ab - 2ao6o|a||6| cos^^b + (ag|6p + 6g|ap - |a|2|6|2) , (B.2) 

is a parabola, when viewed as a function of the cosine of the local angle between both vectors, 

cos 6 ah- As a parabola, it reaches its minimum at cos 0^6 = firv- Since | cos 1 ^ !> the minimum 

mm 

is obtained whenever cos^ab = ±1. For these extremal values the entire expression becomes a 
perfect square 

(a • bf - \\af \\bf = {ao\b\ ± bo\a\f > . (B.3) 

Thus, we conclude that ( [B.lD is always non-negative, and therefore the 9-dimensional curve is 
everywhere future directed. 
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C. Supersymmetry analysis 



In this appendix we will look at the (2,2) super symmetric pp-wave backgrounds described in 
and analyse which Killing vectors preserve all or some of their supersymmetries when considered 
as generators of discrete quotients. 

The (2,2) supersymmetric pp-wave backgrounds can be parameterized in the following way: 

ds^ = -2dx+dx~ - 32{\dW\^ + \V\^){dx+f + Ig^pdz^'dz^ 
F5 = dx~^ A 934 

9?/.^ = V^V^W , ipfip = VpVpW , ipfi^ = VpVM (C.l) 

where is a holomorphic function of the transverse coordinates and a holomorphic Killing 
vector derived from a real Killing potential U, such that Vf^V^ = and diy[V^V fj^W] = 0, and the 
four-form is given in terms of (/?2 by 

= ^ [^^^^y9''^^^dz^' A dz^ A dz^ A dz^ + ^(^^pc/ppdz^ A dz^ A dzP A dz^' + c.c] (C.2) 

By computing the anticommutator of two supersymmetry generators we can find some bosonic 
isometrics of the background, confirming the Killing character of the holomorphic vector field V^^. 
The spacetime Killing spinors are of the form (using the notations of |p9|): 



e=[a + ^cy^bnHH^^]\0 > +r_[/3^6tM + ^^^^p > , (c.3) 



where for N = 2 solutions we have 



(3l, = 2i[iaVfi + CVf,W] ; 6^ = 2i[-iCV^ + aV ^W] . (C.4) 

The Gamma matrices are all real, F*^ is skew-hermitian (T^)^ = —T^ and T^, ...T^ are all hermitian. 
The charge conjugation matrix is C = T*^ which obeys T±C = Cr=p and anticommutes with all 
other r^, ...,r^. Denoting < 0| = |0 the hermitian conjugate of ( C.3 ) is 

e = e^C =< 0\[a* +Clh^..pab''b''bPb'']C- < 0\[p;b'' + 6tlexupairb^b''bPb'^b'']r+C . (C.5) 
We therefore find that 

V = eiTfe2dp + eiT^S2d'p + eir+e2d+ + eir~e2d- = 

= < 0|CT_|0 > {2[{al(3^ + C26T)df. + (02/?^ + ^^Ddfi] + 

- {ala2 + CiC2)d+ - [H{a\a2 + C1C2) + + SlS2)]d-} . (C.6) 



By plugging in the expressions for (3^,5^ from (|C.4| ), all the dependence on VW in the transverse 
piece cancels and one is left with 

V = -4(q^Q2 + CiQ2Wd^ + VWp) < o|cr_|o > 



+ [-{ala2 + CiC2)du + 32i(Ci*a2^^V^iy - alC2V''V f,W)d,] < 0|CT_|0 > . (C.7) 
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To derive the above expression, we used du = Bj^ + {H/2)d- and dy = 8-. Note that the last term 
proportional to dv is just a constant. 

Thus, the anticommutator of any two supersymmetries is proportional to the Killing vectors 
of the space: V, du, (the generators associated with the later two are usually denoted as p+ 
We would like to stress that it is still possible that there might be other bosonic symmetries which 
commute with the supercharges, but that do not appear in the anticommutator of two of them. 

In the following, we shall analyse which subset of Killing vectors leave all or some of the 
Killing spinors ( C.3 ) invariant. By the philosophy explained at the beginning of section |3|, the 



discrete quotients generated by identifying points under a discrete step transformation generated 
by ^ will preserve the same amount of supersymmetry as the number of preserved Killing spinors 
(at least locally) . One is therefore instructed to solve the equation H^e = |Q , where 

+ \\{d+i^ - 5,e+)r+" + (a_ea - a„e-)r-" + (a+e_ - 5_c+)r+- + d^ipV^^y . (c.s) 

In the above equation, M, = fj,,fl and a, (3 stand for both holomorphic and anti-holomorphic 
indices. Although we could proceed with a general analysis, we shall focus on vectors fields which 
are independent of : d±^^'^ = and which have constant components: daC^ = 0. Under 



these assumptions, equations ( C.S ) simplify: the first term in the second line cancels the first term 
in the third line of ( p.8| ), the second and third terms of the third line vanish, so that one is left 
with the equation 

= r Vae + ^da^fsT'^'e = . 

Using the exact expression for the Killing spinor e given in ( |C.3| )-( p7^ one can derive the following 
set of identities : 

Vxe = 2ir.[iaVxVfib^'' + aVAV^W]|0 > , 

v-xs = 2ir_[cv^v;PF6tA _ iCV-xV^b'^WO > , (C.9) 

and 



4^4! 



r^-^e = ab^^b^^\0 > +2ir_{CVf,W + iaVii){-2e^'^^"')gp^b'']\0 > , 

r^-^e = -^Ce^'^f'gppgaab^Pb^^lO > +2ir_(aV^T^ - <l^/.)(-2e'^^"")5<xa6^l0 > . (C.IO) 

We shall look for solutions of XL^e = by plugging in the above identities. First, consider the terms 
not proportional to r_. From the coefficients of |0 > and (6^^)^|0 >, we learn that g'^^V^x^j,] — 
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has to be satisfied, whereas from the vanishing of the (6^)^|0 > coefficient, one gets C'^^£,u + 
a^yi3^a£fiu'' = 0. 

Second, let us analyse the r_ proportional pieces. The coefficient of the 6^^|0 > terms is given 

by 



= iaC^VxV-^ + a^VxV^,W 
1 



Note that in the second line above, the first and second terms get a 2 factor, as we did not write 
down the Vj^^^a] term. The first term on the second line vanishes as we concluded from the previous 
discussion. The last term vanishes when \(^\ ^ \a\, so that is holomorphic (we discuss the \a\ = |C| 
case below). Therefore, using holomorphicity of V^, one gets the final constraint 

Similarly, the vanishing of the 5^ terms gives, whenever \a\ ^ the constraint 

The above analysis allows us to conclude that if |C| / |a|, the vector fields satisfying equation ( |3.1D 
must satisfy 

v^^, = , v^e^ = , = Ji^^^w = . (c.ii) 

Equivalently, the vector field ^ satisfies the same conditions as Notice that any transverse 

Killing vector field satisfying ( |C.11D , also satisfies ^^qmn = and ii^F^ = 0. Therefore, any vector 
field ^ satisfying ( C.ll ) is a Killing vector field, and as such, it can be used to construct a discrete 
quotient out of our original spacetime. 

Finally, if \a\ = one can consider the more general solution with (1,1) supersymmetry. This 
is described by the configuration 

ds^ = -2dx+dx-~ - 2,2{\dU\^){dx+f + 2g^pdz^'df 
F5 = dx^ A 934 

ip^u = V^VuU , ipfip = VfiVpU , ^pfiu = VfiVuU , (C.12) 
whereas their Killing spinors are given by 

e = [1 - ^^{eju7pabH^'bW^)]\0 > -2ir„[VpC/6t^ - V,Ub'^]\0 > . (C.13) 



In the above expressions, C/ is a real harmonic function, and </?4 is given in terms of </?2 as in (C.2). 
The same analysis as before, carried for this (1,1) configuration gives rise to the following set of 
conditions on the vector field ^ 

V^e^ = , V^Cp + I'^x^c.e^p = , iL^V^C/ = . (C.14) 



^^Note that this is more general than what we deduced previously from the algebra. ^ has to be a holomorphic 
Killing vector, a symmetry of both dW, V but does not necessarily equal V . 
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As before, these conditions along with the requirement that ^ is a transverse Kilhng vector, guar- 
antee that is a Kilhng vector field of the supergravity configuration ( |C.12D . 

We therefore establish that a vector field ^ satisfying conditions ( |C.11| ) (conditions ( p.l4| )), is 
necessarily an isometry of the bosonic background and preserves its (2,2) ((1,1)) supersymmetries. 

D. Supersymmetric backgrounds of pp- waves and D-branes 

D.l preliminaries: spin-connections and covariant derivatives 

We shall look for supergravity configurations whose metric ansatz is described by 



ds^ = f-'/\y)[-2dx+dx- + S{x,y){dx+f + g^,{x)dx^dx''] + f/\y)gafs{y)dy"dy^ . (D.l) 

dfiuix) stands for an arbitrary euclidean (p-l)-dimensional metric parameterized by {x^}, whereas 
Qapiy) describes a (9-p)-dimensional metric in coordinates {y"}. The scalar function f[y) was 
chosen to be independent of the {x} coordinates, since those are going to be spacelike directions 
along the worldvolume of the D-brane, besides the lightlike coordinates {x^}. 
We choose the vierbeins {ds^ = -26^9" + 9^9^ + 9^9'') to be 

Qu ^ f-i/idx+ , 9"" = r^/^[dx- - ]^Sdx+] 

Qi ^ /-l/4gi ^ Qa ^ jl/i^a P 2) 

where {e*} stand for the vierbeins of the (p-l)-dimensional metric gfj_^{x), and {e"} are the corre- 
sponding ones for the metric Qapiy)- 

Given these vierbeins, the spin- connection is determined to be 





— 0" - 

— it ^ — 


-\r'''^daf9^ 




— o* - 


■ --f/^diS9'' 
2 


" a 


= ^\ = 


■\r''/'daf9'"- 


^\ 


= 


= --J-'^'^daf 9' 


n% 


= ^\ + 


\r'''^d,f9- 




= -^- 





(D.3) 

where di = e^d^ , da = e^da, and lo is the spin-connection of the transverse metric gap- Out of 
the spin-connection, we can compute the action of the covariant derivative on the gravitino field ■0- 
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This action is given below 

v^V' = (5a + ^^?r,feV) + ^^aVe^r.feV' • (d.4) 

D.2 pp+Dp-brane solutions 

As different pp+Dp brane solutions are related by U-dualities, we can work out an example for a 
specific Dp background, and then generalize our results. It turns out the D-string analysis (p = 1) is 
particularly analogous to the supersymmetry analysis in . We shall focus on D-strings extending 
along the +, — directions, and to begin with, on a flat transverse metric g^^ = 5^^. The full ansatz 
that we shall consider involves the p = \ metric introduced before, plus the necessary non-trivial 
dilaton and RR three-form field strength taking care of the stabilization of the system and the RR 
charge carried by the D-strings. 

ds"" = r"\y)[-2dx+dx- + S{y){dx+f] + f^'\y)dy^dy'' , 
F3 = dx+ A dx~ A dr^ , 

(D.5) 

F5 = dx A 934 , 



9i 



Vf 



where 934 is a closed and self-dual form in the 8-dimensional space, and / is a harmonic function 
defined on the same space. 

The dilatino and gravitino supersymmetry variations can be evaluated, using the expressions 
for the spin-connections shown in the previous subsection, 

= ^j^do^fT^[l - T,ua^]e = (D.6) 

= dae + jjdpfiT^ + r^r^r^cT^)^ + ^i(^^^5^rMCr,icT2e = (D.7) 

= 9_e + -l^a^ifr^r,(l - ai)e (D.8) 
6^+ = d+e + -L^dfsHT^Tuil + a,)e - ^|r^r,(l - ai)e + -Ij^df^STpT^e 

+ _L_i.<^^^,^r^r„r,ic72e = o , (d.9) 

where a^'^ are Pauli matrices acting on e as a doublet of sixteen complex component spinors . 
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To solve these equations, we define a couple of chiral spinors e± by 

f/'e = -ir„r, f/'e - ir,r„ f/'e ^ e+ + e_ . (D.IO) 



(D.ll) 



The first three equations in ( p.9| ) imply that e+ is a constant spinor, and that 

(1 + TuvCJi)e = (1 + ai)e- = (1 - ai)e+ = . 
The last two equations in ( |D.9| ) become 

Notice that if we assume 9+e_ = 0, then the harmonic function / factors out completely from 
the above equations. Under these circumstances, they become exactly the supersymmetry equations 
one gets for a background describing a pp-wave with no D-brane. Thus they are solved by a constant 
e+ which is parameterized by two complex parameters in the case of (2,2) supersymmetry, or by 
one complex parameter in the case of (1,1) supersymmetry, and by a chiral spinor e_ which is 
completely determined in terms of the other one £4.. 

By adding the requirement that (1 + cri)e_ = , we lose half of the supersymmetries (as this 
condition will relate the real and imaginary parts of the complex parameters). On the other hand, 
the condition (1 — cri)e+ = would be automatically satisfied. Therefore the D-string leaves us 
with only half of the supersymmetries preserved by the pp-wave. 

We summarized the full supergravity solution for the (2,0) and (0,2), and for the (0,1) and 
(1,0) supersymmetric configuration below, following the notations in [ps|]. 

(*) (2,0) and (0,2) susy: 





= f-^'\-2dx-dx^ 


^ - 32{\dWiy)\' + \V{y)\')idx+f] + f/^dy^dy^ 




= dc^dpW , 






= dx^ A (/94 , 




F3 


= dx^ A dx" A df' 






= 9sf'/' , 





(D.12) 



where f is a real harmonic function, W a holomorphic function and a holomorphic Killing vector, 
such that = dalV^dpW] = and = id^U. 

(*) (0,1) and (1,0) susy: 



ds^ 


= f-^l\-2dx-dx+ - 32(|dC/|)2(dx+; 


)2] + f/^dy'^d^ 




= dadpU ; Lp^p = dadpU ; ip^^ = 


dap = dad-pU , 




= dx'^ A (/?4 , 




F3 


= dx^ A dx" A df^^ , 






= 9s f/' , 





(D.13) 
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U , f being real harmonic functions. 

It is possible to extend the above solution to a curved transverse space g^^ . The above config- 
urations are generalised to : 

(*) (2,0) and (0,2) susy: 

ds^ = r^'\-2dx-dx+ - 32(|dl^(2/)|2 + |y(y)|2)(dx+)2] + f^l'^g^-^dy'^df , 

F5 = dx+ A <^4 , (D-14) 
F3 = dx'^ A dx" A , 
e'" = gsf" , 

where / is a real harmonic function, W a holomorphic function and V" a holomorphic Killing 
vector Va = iV oJJ , such that VaF" = VodV^VfiW] = 0. 
(*) (0,1) and (1,0) susy: 



ds'^ 


= f-^/^[-2dx-dx+ - 


-m{\dU\f{dx'^f] + f'/^g^-pdy^df 




= Va^oU ■ if^p = 




F5 


= dx~^ A , 




F3 


= dx^ A dx~ A df~^ 




e't' 


= 9s , 





(D.15) 



where U and / are real harmonic functions. All covariant derivatives appearing above are taken 
with respect to g^^. 

Once we have worked out the previous general solutions for D-strings in generalised pp-waves 
propagating in curved backgrounds, it is possible to generate new solutions whenever there are 
enough symmetries in the above configurations such that we can apply a T-duality transformation. 
Indeed, if we smear all the functions and metric coefficients along some complex coordinates (and 
their complex conjugates), we shall generate higher dimensional branc solutions. Combining this 
generating technique with S-duality and liftings to M-thcory, wc can write different kinds of super- 
symmetric D-branes, F-strings, NS5-branes and M-branes solutions in these generalised pp-wave 
backgrounds. 



-32- 



References 

[1] M. Visscr, Lorentzian wormholes: From Einstein to Hawking, AIP, Woodbury, NY, 1995; 

K. S. Thorne, Closed Timelike Curves, in General relativity and gravitation Proceedings, 13th 
International Conference, Cordoba, Argentina, June 28-July 4, 1992, R. J. Gleiser, C. N. Kozameh 
and O. M. Moreschi eds. lOP, Bristol, 1993. 

[2] J. P. Gauntlett, J. B. Gutowski, C. M. Hull, S. Pakis and H. S. Reall, All supersymmetric solutions of 
minimal supergravity in five dimensions. [arXiv:hep-th/0209114] 

[3] K. Godel, An example of a new type of cosmological solutions of Einstein's field equations of 
gravitation, Rev. Mod. Phys. 21 447 (1949). 

[4] E. K. Boyda, S. Ganguli, P. Horava and U. Varadarajan, "Holographic protection of chronology in 
universes of the Goedel type," Phys. Rev. D 67, 106003 (2003) [arXiv:hep-th/0212087] 

[5] T. Harmark and T. Takayanagi, Supersymmetric Goedel universes in string theory Nucl. Phys. B662, 
3 (2003). [arXiv:hep-th/0301206] 

[6] D. Brecher, P. A. DeBoer, D. C. Page and M. Rozali, Closed timelike curves and holography in 
compact plane waves. [arXiv:hep-th/0306190] 

[7] R. Biswas, E. Keski-Vakkuri, R. G. Leigh, S. Nowling and E. Sharpe, The taming of closed time-like 
curves. [arXiv:hep-th/030424l] 

[8] N. Drukkcr, B. Fiol and J. Simon, Gddel's universe in a Supertube Shroud, to appear in PRL. 
[arXiv : hep-th/0306057] 

[9] D. Mateos and P. K. Townsend, SupeHubes Phys. Rev. Lett. 87, 011602 (2001). 
[arXiv:hep-th/0103030] 

[10] C. V. Johnson, A. W. Peet and J. Polchinski, Gauge Theory and the Excision of Repulson 
Singularities, Phys. Rev. D 61, 086001 (2000). [arXiv:hep-th/9911161] 

[11] D. Israel, Quantization of heterotic strings in a Gddel/Anti de Sitter spacetime and chronology 
protection. [arXiv:hep-th/0310158] 

[12] N. Drukker, B. Fiol and J. Simon, Gddel-type Universes and the Landau problem. 
[arXiv:hep-th/0309199] 

[13] Y. Hikida and S. J. Rcy, Ca,n branes travel beyond CTC horizon in Goedel universe?, Nucl. Phys. 
B669 (2003) 57-77. [arXiv:hep-th/0306148]; 

Unpublished work quoted in G. W. Gibbons and C. A. Herdeiro, Supersymmetric rotating black holes 
and causality violation. Class. Quant. Grav. 16, 3619 (1999). [arXiv:hep-th/9906098]; 

C. A. Herdeiro, Aspects of causality and fluxbranes in superstring theory, PhD Thesis, Cambridge 

university (2001), unpublished. 

[14] G. W. Gibbons and C. A. Herdeiro, Supersymmetric rotating black holes and causality violation. Class. 
Quant. Grav. 16 3619 (1999), [arXiv:hep-th/9906098]; 

M. M. Caldarelli, D. Klemm and W. A. Sabra, Causality violation and naked time machines in 
AdS(5), JHEP 0105 014 (2001). [arXiv:hep-th/0103133]; 

D. Brace, C. A. Herdeiro and S. Hirano, Classical and Quantum Strings in compactified pp-waves and 
Godel type Universes, [arXiv:hep-th/0307265]; 



-33- 



D. Brace, Closed geodesies on Goedel-type baekgrounds, [arXiv:hep-th/0308098]; 
H. Takayanagi, Boundary states for supertubes in flat spacetime and Goedel universe, 
[arXiv : hep-th/0309135] ; 

K. Bchrndt and M. Possell, Chronological structure of a Goedel type universe with negative 
cosmological constant. [arXiv:hep-th./03 10090]; 

D. Brace, Over-Rotating Supertube Backgrounds. [arXiv:hep-th/0310186] 

[15] C. A. Herdeiro, Special properties of five dimensional BPS rotating black holes, Nucl. Phys. B582 363 
(2000). [arXiv:hep-th/0003063] 

[16] J. P. Gauntlctt and S. Pakis, The Geometry of D = 11 Killing Spinors, JHEP 0304 (2003) 039. 
[arXiv:hep-th/0212008] 

[17] J. P. Gauntlett and J. B. Gauntlett, All supersymmetric solutions of minimal gauged supergravity in 
five dimensions. [arXiv:hep-th/0304064]; 

J. B. Gutowski, D. Martelli and H. S. Reall, All supersymmetric solutions of minimal supergravity in 
six dimensions. [ arXiv:hep-th/0306235]; 

M. M. Caldardli and D. Klemm, All supersymmetric solutions of N = 2 D = 4 gauged supergravity, 
JHEP 0309 (2003) 019. [arXiv:hep-tli/0307022]; 

M. M. Caldarelli and D. Klemm, Supersymmetric Godel-type Universes in four dimensions. 
[arXiv:hep-th/031008l] 

[18] J. L. Flores and M. Sanchez, Causality and conjugate points in general plane waves. Class. Quant. 
Grav. 20, 2275 (2003). [arXiv:gr-qc/0211086] 

[19] C. A. R. Herdeiro, Spinning deformations of the D1-D5 system and a geometric resolution of closed 
timelike curves, Nucl. Phys. B 665, 189 (2003). [arXiv:hep-th/0212002] 

[20] V. E. Hubeny, M. Rangamani and S. F. Ross, Causal inheritance in plane wave quotients. 
[arXiv : hep-th/0307257] 

[21] G. Papadopoulos, Rotating Rotated Branes, JHEP 9904 (1999) 014. [arXiv:hep-th/9902166] 

[22] J. C. Breckenridge, R. C. Myers, A. W. Peet and C. Vafa, D-branes and spinning black holes Phys. 
Lett. B391, 93 (1997). [arXiv:hep-th/9602065] 

[23] L. Dyson, Chronology protection in string theory. [arXiv:hep-th/0302052] 

[24] E. G. Gimon and A. Hashimoto, Black holes in Goedel universes and pp-waves Phys. Rev. Lett. 91, 
021601 (2003). [arXiv:hep-th/0304181] ; 

E. G. Gimon, A. Hashimoto, V. E. Hubeny, O. Lunin and M. Rangamani, Black strings in 
asymptotically plane wave geometries JHEP 0308 (2003) 035. [arXiv:hep-th/0306131] ; 

C. A. Herdeiro, The Kerr- Newman- Goedel black hole [arXiv:hep-th/0307194] ; 

D. Brecher, U. H. Daniclsson, J. P. Gregory and M. E. Olsson, Rotating black holes in a Goedel 
universe. [arXiv : hep-th/0309058] 

[25] R. Emparan, D. Matcos and P. K. Townsend, Supergravity supertubes, JHEP 0107 (2001) Oil. 
[arXiv:hep-th/0106012] 

[26] Y. Hyakutake and N. Ohta, Supertubes and supercurves from M-ribbons, Phys. Lett. B 539, 153 
(2002). [arXiv:hep-th/0204161] 



-34- 



[27] O. Lunin, J. Maldacena and L. Maoz, Gravity solutions for the D1-D5 system with angular 
momentum. [arXiv:hep-th/0212210] 

[28] C. Bachas and C. M. Hull, Null brane intersections JHEP 0212, 035 (2002). [arXiv:hep-th/0210269] 

[29] J. Maldacena and L. Maoz, Strings on pp-waves and massive two dimensional field theories, JHEP 
0212, 046 (2002). [arXiv:hep-th/0207284] 

[30] S. W. Hawking and G. F. R. Ellis, The large scale structure of space-time, Cambridge 1973. 

[31] T. Buscher, Phys. Lett. 159B (1985) 127; ibid B194 (1987) 59; ibid B201 (1988) 466; 

E. Bergshoeff, C. Hull and T. Ortm, Duality in the type IIB superstring effective action, Nucl. Phys. 
B451 (1995) 547-578. [arXiv:liep-tli/950408l] 

[32] J. M. Figueroa-0' Far rill and J. Simon, Supersymmetric Kaluza-Klein reductions of M2 and 
M5-branes, Adv. Theor. Math. Phys. 6 (2003) 703-793. [arXiv:hep-th/0208117] 

[33] J. M. Figueroa-0 'Far rill and J. Simon, Supersymmetric Kaluza-Klein reductions of M-waves and 
MKK-monopoles, Class. Quantum Grav. 19 (2002) 6147-6174. [arXiv:hep-th/0208118] 

[34] G. Bonelli, On type II strings in exact superconformal non-constant RR backgrounds, ZlSFiP 0301, 065 
(2003). [arXiv:hep-tli/0301089]; 

J. G. Russo and A. A. Tscytlin, A class of exact pp-wa/ue string models with interacting light-cone 
gauge actions, JHEP 0209, 035 (2002). [arXiv:liep-th/0208114]; 

N. Kim, Comments on IIB pp-waves with Ramond-Ramond fluxes and massive two dimensional 
nonlinear sigma models, Phys. Rev. D 67, 046005 (2003). [arXiv:liep-th/0212017] 

[35] P. Bain, P. Meessen and M. Zamaklar, Supergravity solutions for D-branes in Hpp-wave backgrounds. 
Class. Quant. Grav. 20, 913 (2003). [arXiv:liep-th/0205106]; 

A. Biswas, A. Kumar and K. L. Panigrahi, p - p' branes in pp-wave background, Phys. Rev. D 66, 
126002 (2002). [arXiv:hep-th/0208042]; 

A. Kumar, R. R. Nayak and Sanjay, D-brane solutions in pp-wave background, Phys. Lett. B 541, 183 
(2002). [arXiv:hep-th/0204025]; 

M. Alishahiha and A. Kumar, D-brane solutions from new isometrics of pp-waves, Phys. Lett. B542, 
130 (2002). [arXiv:liep-tli/0205134]; 

R. R. Nayak, D-branes at angle in pp-wave background, Phys. Rev. D67, 086006 (2003). 
[arXiv : hep-th/0210230] 

[36] L. F. Alday and M. Cirafici, An example of localized D-branes solution on pp-wave backgrounds, JHEP 
0305, 006 (2003). [arXiv:hep-th/0301253] 

[37] K. L. Panigrahi and Sanjay, D-branes in pp-wave spacetime with nonconstant NS-NS flux, Phys. Lett. 
B561, 284 (2003). [arXiv:hep-th/0303182] 

[38] Y. Kosmann, Derivees de Lie des spineurs, Annali di Mat. Pura Appl. (IV) 91 (1972) 317-395; 
J. M. Figueroa-0 'Farrill, On the supersymmetries of Anti-de Sitter vacua. Class. Quant. Grav. 16 
(1999) 2043-2055. [arXiv:hep-th/9902066] 



-35- 



